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Abstract 
 

As timber structures become increasingly relevant and sought after – since they enable 

improvements in building time while reducing a structure’s life cycle impacts – streamlining 

their design can have meaningful economic and environmental implications. 

For timber footbridges, its design is frequently governed by serviceability criteria linked to 

excessive vibrations. To address this in design, it is necessary to correctly characterize the 

structure’s dynamic properties and understand what the leading parameters in its behaviour are. 

This thesis studied an existing timber arch footbridge, aiming to evaluate its dynamic behaviour 

both with experimental measurements and with theoretical models. The influence of temperature 

change over different seasons was considered, particularly around its effect on the asphalt layer 

– whose stiffness is highly correlated to temperature.  

The experimental results showed high correlation between temperature and natural frequencies: 

a variation of +21°C reduced the natural frequency for the 1st transverse mode of the deck by as 

much as 30.6% while the 1st vertical mode was reduced by 17.7% (variation of 0.029Hz/°C).  

The damping ratio was also measured, though a definitive correlation between its value and 

temperature was not identified.  

This change in behaviour cannot be explained by the influence of the asphalt layer alone 

however, as there is a high degree of uncertainty around many other components of the bridge 

and their interactions, such as the connections. 

Thus, to fully characterize the influence of each component with changing temperature, further 

experimental tests would have to be performed, or simpler structures with fewer connections 

should be considered. 

In designing a new structure, considering the asphalt layer as an added mass is a straightforward 

way to treat this material at the most critical condition (i.e. no contribution to stiffness). This 

strategy lead to sufficiently similar results between the computational model and the 

experimental results at warm temperatures.  

The asphalt stiffness could perhaps be considered for the 1st transverse mode of the deck, since 

it is in this mode that the asphalt layer plays its largest contribution. 
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Sammanfattning 
 

På senare år har trä som konstruktionsmaterial ökat både i termer av relevans och efterfrågan. 

Fördelen med detta är att det minimerar byggtiden samt att trä tillhandahåller en förbättrad 

inverkan på livscykeln. Därmed är det viktigt att materialet brukas effektivt för att ha en positiv 

inverkan på både miljö och ekonomi.   

 

Vid bruksgränstillståndet för gång-och cykelbroar är det största problemet överskridande 

vibrationer. För att motverka detta är det av ytterst vikt att identifiera dynamiska parametrar 

samt att undersöka vilka delar av strukturen som har störst inverkan på dessa.  

 

I detta examensarbete har en bågbro i trä undersökts. Bron är en gång-och cykelbro där syftet 

med arbetet är att studera dess dynamiska egenskaper experimentellt samt med hjälp av 

numeriska modeller. Vidare inkluderades även temperaturens effekt på de dynamiska 

parametrarna med fokus på asfaltens inverkan, då dess styvhet i stor grad är temperaturberoende. 

 

Resultaten från experimenten påvisade att egenfrekvenserna i hög grad är temperaturberoende. 

En temperaturökning på 21 °C resulterade i att den första horisontala egenmoden för brobanan 

reducerades med 30,6 %, medan den första vertikala egenmoden reducerades med 17,7% (en 

variation på 0.029Hz/°C). 

 

Ytterligare parameter som beräknades från experimenten var dämpningen, vars korrelation i 

förhållande till temperatur inte gick att identifiera.  

 

Vidare var det ej möjligt att tillskriva asfalten som ensam källa till att de dynamiska 

parametrarna ändras till följd av temperaturen. Anledningen till detta är att det råder osäkerheter 

kring andra parametrar, däribland anslutningar mellan de olika bärande delarna bron är 

uppbyggd av. 

 

Således, för att kunna förstå hur temperaturändringar påverkar de olika delarna av bron bör flera 

experiment utföras. Vidare är ett annat alternativ att studera konstruktioner vars uppbyggnad är 

av ett enklare slag med färre anslutningar, och därmed även enklare att analysera. 

 

Brokonstruktörer betraktar endast asfalten som en tillagd massa, en förenklad metod som 

används då det beaktar strukturen vid dess mest kritiska läge (detta då styvheten inte är 

inkluderad). Att använda denna metod i den numeriska modellen resulterade i snarlika resultat 

vid jämförelse med de uppmätta värdena från experimenten utförda under varma förhållanden.  

Slutligen har styvhetsbidraget från asfalten störst inflytande på den första horisontella 

egenmoden och skulle därmed kunna implementeras för att beakta denna effekt.  
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Preface 
 

 

Structural engineers and architects share one common responsibility:  to conceive structures that 

are safe, useful and appealing, with an efficient use of resources. To fulfil these criteria, 

increasingly slender structures are being designed, since they can potentially save material while 

having audacious aesthetics. However, slender structures have one caveat: they are very 

sensitive to dynamic effects.   

In order to achieve an efficient design, it is necessary to correctly grasp and represent such 

effects. It is of particular interest to study factors that influence a structure’s stiffness, damping 

sources, natural frequencies and vibration modes. 

Concerning this scope, this thesis has the objective of evaluating the seasonal influence on the 

dynamic properties of an existing timber footbridge and detecting which parameters are critical 

when designing and modelling its dynamic behaviour.  

The footbridge that will serve as basis for this study, the Vega bridge, is a slender timber arch 

bridge, with a 34.46 m span and 5.36 m rise (thus with a rise-to-span ratio just over 0.15). The 

deck is covered with an asphalt pavement with a thickness of 85mm. Considering its slenderness 

and the relatively soft material that comprises it, resulting in lower natural frequencies, the Vega 

bridge is a fitting structure for the purposes of this thesis.   

Additionally, the results are compared to the ones of an independent thesis (Numerical and 

experimental dynamic analyses of Hägernäs pedestrian bridge including seasonal effects, by 

Ibisevic and Ugur, 2019), which was carried out simultaneously to this one and based on another 

timber arch footbridge with similar span.  

This thesis is developed in cooperation with ELU Konsult, serving as the conclusion of the 

master's programme in Structural Engineering at the Royal Institute of Technology (KTH), in 

Stockholm. 

 

 

 

 

 



xviii 

 

 
 

  



 

1 

 

 

 

 

1  Introduction 
 

1.1 Background 
 

When designing footbridges, it is often the case that the design will be conditioned by the 

Serviceability Limit State (SLS), especially regarding vertical and lateral accelerations of the 

deck produced by pedestrian loads. 

A number of high-profile projects, such as the Millennium Bridge in London (Figure 1a) and 

the Pedro e Inês Bridge in Coimbra (Figure 1b), have been affected by excessive deck 

accelerations and the crowd lock-in phenomenon. Mitigating these problems proved to be costly 

and technically challenging, especially considering that the structures had already been 

completed.  

In the case of the Squibb Park Bridge in New York (Figure 1c), the structure became 

impracticable to maintain after only five years in service. Though this bridge was designed to 

purposely bounce lightly with pedestrian load, vibrations eventually became too intense, 

prompting it to be closed for repairs. This issue, together with unexpected decaying material and 

multiple subsequent closures, undermined the structure’s viability.  

Therefore, it is evident the importance of addressing a structure’s dynamic behavior as 

accurately as possible still on the design phase. To treat this issue, the bridge’s mass, stiffness 

and damping parameters must be well defined, since they govern the dynamic response of a 

structure. 

Defining a structure’s mass is somewhat straightforward and can be more easily calibrated in a 

computational model if needed. Stiffness, however, may be harder to determine precisely, 

especially in composite structures, where the degree of composite action between structural 

elements can be uncertain or complex to model. Factors like temperature changes, material 

decay and cracks can also influence stiffness. Finally, damping remains the most challenging 

parameter to define. It may come from different sources with uneven and non-linear 

contributions, such as material damping, friction at joints and bearings, soil-structure interaction 

and temperature changes. These are highly difficult to predict, and frequently the only way to 

determine damping precisely is to measure it experimentally once the structure has been built.  

This of course implies that, during the design phase, assumptions must be made for the values 

of the damping ratios to be considered. Thus, the importance of accessing existing structures 

and constituting a database of expected damping values. 

 



2  Introduction 

 
 

(a) 

(c) (b) 

Figure 1 (a) Millennium Bridge (b) Pedro e Inês Bridge (c) Squibb Park Bridge 

 

 

1.2 Aim and scope 
 

Of all the possible features to be studied in the field, this research will focus specifically on the 

influence that the asphalt layer of the deck plays in the dynamic behaviour of the bridge.  

It is expected that there is some degree of composite action between the asphalt layer and timber 

deck, and that this layer may have a meaningful influence on damping. Furthermore, mastic 

asphalt is highly sensitive to temperature changes, both in relation to its stiffness and to the 

degree of composite action that it develops with the deck underneath. Thus, a seasonal study 

must be performed to better characterize this interaction. 

While some assumptions might be appropriate to treat the influence of the asphalt layer for the 

design regarding the Ultimate Limit State (ULS), such as simply considering this layer as an 

added mass with no contribution to stiffness, this assumption could be too simplistic and 

uneconomical for the SLS verification, since a more detailed study in the conditioning design 

case (taking advantage of the contribution of stiffness and damping from the asphalt layer) could 

result in more efficient design. 

The aim of this research may then be summarized as: 

• Experimentally defining the natural frequencies, vibrational mode shapes and damping 

ratios of the Vega bridge for low and high temperatures 

• Generating a well calibrated FEM model of the bridge, that can replicate the measured 

natural frequencies, mode shapes and dynamic response, identifying the most critical 

features that are required to generate a reliable model 

• Evaluating modeling approaches for the asphalt layer and its influence on the design phase  
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1.3 Outline 
 

The first step in carrying out this research consists on performing a literature review of existing 

publications on the subject. This allows for insights and guidance, while being necessary in 

understanding what is the current state of the art on the matter. It also enables a broader basis 

for comparison of results and a deeper discussion of the subject.  

Then, the methodology applied in the research is detailed and justified, with possible 

shortcomings and their implications being discussed. This is followed by the presentation of 

results and a discussion section, which will address all the research questions. Finally, the main 

content of the thesis is concluded with recommendations for further research. 

The last section, the appendix, will contain the most relevant Matlab codes developed, technical 

drawings, as well as other noteworthy results.  

 

1.4 Limitations 
 

One of the main limitations of this research is the low amount of field measurements. Due to 

time and budget constraints of the thesis, it is not possible to perform extensive and prolonged 

measurements, which would be important in capturing the dynamic behaviour over time with 

high resolution. Only two measurements will be carried out, during cold and warm weather.  

Also, an inherent shortcoming of field experiments that should be accounted for is the lack of 

control of background conditions, such as humidity and wind. These are assumed to have 

negligible effect on results. 

Therefore, it should be kept in mind that the results of this research will be based on a restricted 

amount of data. This reinforces the importance of comparing the results of this thesis with those 

from the Hägernäs Bridge, analysed by Ibisevic and Ugur.  

 

1.5 The Vega Bridge 
 

Located in the municipality of Haninge, approximately 40 km out of Stockholm, the Vega 

footbridge was built in March 2017 to enable crossing over the railway tracks of the commuter 

train.  

The selected structural system for this bridge, a 3-hinged arch, is an efficient solution for spans 

of this magnitude (just over 30 m). Being comprised mostly of timber, the structure allowed for 

a high degree of prefabrication and, due to its lightness, could be hoisted in place with little 

obstruction to the railway tracks bellow. It was designed to withstand a crowd load of 3.8 kN/m2 

or a service vehicle with 120 kN, in addition to lateral and longitudinal loads.  

Figure 2 presents the lifting operation of the bridge and an overview of the finished structure. 



4  Introduction 

 
 

 

(a) (b) 

Figure 2 (a) Lifting operation of the Vega Bridge (b) Overview (Photos: Roberto Crocetti) 

 

As previously stated, with a distance between springings of 34.46 m and 4.36 m rise (with a 

rise-to-span ratio of approximately 0.15) and a relatively thick asphalt layer, this slender bridge 

is a fitting structure for the purposes of this thesis.  

The following elements constitute the structural system: 

• Deck – Stress Laminated Timber Deck (SLTD), made of a number of glulam beams (each 

with a 142 x 315 mm2 cross-section) that are transversally prestressed by steel rods every 60 

cm. There is a 2% transversal slope, in order to facilitate water drainage. The total width of 

the deck is 4.5m, and the length is 35.9 m. 

• Asphalt layer – The deck is covered by an asphalt layer with a thickness of 85 mm.  This 

layer increases the durability of the deck, but introduces also a significant mass, weighing 

25% more than the SLTD deck alone. 

• Hangers – There are four pairs of V-Shaped steel hangers, with a hollow circular cross-

section (d = 88.9 mm, t = 4mm, steel S355 according to EN10027). The V-shaped 

disposition is highly beneficial from the point of view of increasing buckling capacity and 

global stiffness, being necessary to achieve such a slender structure, as demonstrated by 

Crocetti et al. (2018).  

• Cross beams – Connecting the deck to the hangers, each of the four steel cross beams is 

comprised of a HEB360 profile, with steel grade S355 and total length of 7.45m.  

• Arches – Each segment of the arch has a cross-section of 380 x 405 mm2 and is made of 

GL30c glulam (according to EN14080). There is a distance of 7 meters between both parallel 

arches, with the 4.5 m wide deck underneath. 

• Bracings – Between arches, a total of six K-shaped bracings are introduced. With a cross-

section of 190 x 180 mm2 and made of GL30c glulam, these elements reduce the risk of 

buckling in the direction perpendicular to the plane of the arches. 

A more complete description of the definitions of the bridge’s materials and other structural 

elements is presented in section 3.2, where the FEM model is detailed. Technical drawings may 

be found in Appendix C – Technical Drawings. 
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An overview of the bridge and its main structural elements is presented in Figure 3. 

 

 

Figure 3 Vega bridge – dimensions, materials and cross-sections (all dimensions in mm) 
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2 Literature Review 
 

2.1 Current design criteria 
 

Considering that this research will evaluate the significance of different parameters on the 

dynamic behaviour of the structure, it is important to understand what are the current design 

specifications that concern damping ratios, deck acceleration and natural frequencies. Having 

these criteria in mind will help assess the magnitude of the asphalt layer’s influence, and how 

relevant it may be in design. 

In defining the damping ratio ζ, the Eurocode 5-2 (EN 1995-2, section 7.3.1) defines that a 

design value of ζ = 1.0% (for structures without mechanical joints) and ζ = 1.5% (for structures 

with mechanical joints) may be adopted when no other values are verified nor are there 

directions from National annexes. Thus, in general, the Eurocode does not make any distinction 

regarding a bridge’s structural system and the presence of an asphalt layer. 

For deck accelerations, Annex B of Eurocode 5-2 devises a method to estimate its vertical and 

horizontal intensity for timber bridges with simply supported beams or truss systems. The value 

is a function of the bridge’s mass, span, damping ratio, first natural frequency and number of 

pedestrians.  

As for the acceptable maximum acceleration values for design, section A2.4.3.2 (1) in CEN 

(2002) stipulates that, for any part of the deck, vertical vibrations should not exceed 0.7 m/s2 

and horizontal vibrations are limited to 0.2 m/s2. These thresholds, however, are hard to define. 

Indeed, human sensitivity to accelerations is highly variable and subjective, depending also on 

each individual’s activity on the bridge (running, walking, standing or sitting, for instance). 

Another reference for design values for deck accelerations may be found in the Sétra technical 

guide for footbridges (2006), which is summarized in Table 1. 

Table 1 Sétra: deck acceleration thresholds for design 

Vertical vibrations 

High comfort: av,max < 0.5 m/s2 Nearly imperceptible vibrations 

Mean comfort: 0.5 < av,max < 1.0 m/s2 Barely discernable vibrations 

Low comfort: 1.0 < av,max < 2.5 m/s2 Clearly perceptible vibrations 

Unacceptable: av,max > 2.5 m/s2 Potentially dangerous level of vibration 

Horizontal vibrations 

ah,max < 0.1 m/s2 
This value is defined in order to avoid 

risk for lock-in 
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As to natural frequencies, section A2.4.3.2 (2) in CEN (2002) determines that a more detailed 

comfort assessment should be carried out if the bridge has any vertical natural frequencies under 

5 Hz or any horizontal (transverse) or torsional natural frequency under 2.5 Hz. 

This assessment would require a more complete characterization of the dynamic properties of 

the bridge, as well as a suitable model to represent pedestrian loads. The methodology presented 

by Sétra, for instance, treats pedestrians as moving loads with frequencies ranging from 1.6 to 

2.4 Hz (walking) and 2.0 to 3.5 Hz (running). However, it does not consider any human-structure 

interaction, which could lead to overestimation of accelerations.  

 

 

2.2 The influence of the asphalt layer 
 

Used mainly to increase the durability of the bridge deck, as it seals the surface from humidity 

and keeps it from mechanical abrasion, the asphalt layer can significantly change the bridge’s 

dynamic behaviour. This is especially the case for timber bridges, since the relative weight of 

the asphalt layer compared to the timber base structure is much higher than if the bridge were 

made of concrete or steel.  

The question then becomes what the extents of this influence are, what are its governing factors 

(asphalt thickness, grade or temperature) and if they can be accounted for in design.  

To address part of this question, Hamm (Hamm 2003) performed tests on nineteen timber 

footbridges of various structural systems and spans, evaluating their damping ratio for the 

fundamental vibration mode. He found that for bridges without any asphalt pavement, the 

damping ratio varied from 0.23% to 1.35%. For bridges with asphalt pavement, this interval 

increased to 1.13% to 3.37%. This indicates that deploying an asphalt layer may be an 

economical way of increasing the damping ratio, though at the expense of reducing the natural 

frequencies. 

This reduction could be expected, as the asphalt layer introduces a significant weight while it is 

still uncertain as to how much it contributes to stiffness. A meaningful contribution would 

require a high degree of composite action between deck and asphalt, as well as high stiffness of 

the asphalt itself. Both factors are dependent on temperature, since asphalt is a viscoelastic.  

A study carried out by Schubert et al. (2010) indicates that the contribution to stiffness of the 

asphalt layer is not enough to compensate the additional mass, and thus the natural frequencies 

are in fact reduced. Two laboratory bridges were studies: a cable-stayed bridge with a main span 

of 15.6 m and secondary spans of 3.6 m as well as a simply supported bridge with span 9.6 m. 

Both bridges had a width of 1.6m. When applying the pavement, the first natural frequency was 

reduced by 23% - 26% in the cable-stayed bridge and by 16% - 18% in the simply supported 

bridge. Regarding damping, both bridges had a damping ratio for the first vibration mode of 

0.5% - 0.6% without pavement. This ratio was increased to 2.2% - 2.6% for the cable-stayed 

system and 6.2% - 7.4% for the simply supported, thus corroborating the behaviour detected by 

Hamm.  
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The study concludes by suggesting that the beneficial effect of the asphalt pavement must still 

be studied for different temperatures, since this material’s properties are highly sensitive to 

temperature changes.  

The effect of temperature was then subject of a research conducted by Feltrin et al. (2011), 

where both laboratory specimens and existing timber footbridges were studied with respect to 

changes in their dynamic properties to temperature fluctuations.  

To grasp how sensitive the asphalt is to these fluctuations, the dynamic shear storage and loss 

moduli curves were determined with torque tests at different temperatures. These moduli 

characterize the behaviour of viscoelastic materials, where the storage modulus conveys the 

stored energy (thus the elastic portion, when stress and strain occur in phase) and the loss 

modulus, the dissipated energy (thus the viscous portion, when there is a phase angle between 

stress and strain). A typical plot of these curves is presented in Figure 4. 

 

Figure 4 Dynamic shear storage and loss moduli of asphalt; from Feltrin et al.(2011) 

 

While the storage modulus drops by two orders of magnitude for a temperature range of -10°C 

to 40°C, the loss modulus drops by one order of magnitude. This implies that, while both moduli 

drop with increasing temperature, the storage modulus does so at a much faster rate than the loss 

modulus, meaning that the predominant material behaviour will be viscous for higher 

temperatures, with low overall stiffness. 

The laboratory specimen on this study, identical to the one used by Schubert et al (2010), 

consists of a simply supported bridge with length of 9.6m and width of 1.6m. Dynamic tests 

were performed both for typical winter and summer temperatures.  

At first, tests were made for the bridge with the asphalt layer over the timber deck. Then, the 

pavement was removed and the tests were repeated solely with the timber panel. This guarantees 

that any difference observed is due to the influence of temperature on asphalt.  

The experimental results from this setup are presented in Table 2. 
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Table 2 Frequency and damping ratio of the first vibration mode; from Feltrin et al. (2011) 

 

By comparing the dynamic properties of the specimen without the asphalt layer, it can be 

concluded that temperature has a marginal influence on the first natural frequency (f1) and no 

observable effect on the damping ratio. 

Meanwhile, for low temperatures, the asphalt layer’s stiffness was enough to compensate the 

added mass (an increase in f1) and the damping ratio was increased by a factor of 5.  

Finally, the influence of the asphalt layer is evident when comparing the specimen with 

pavement for winter and summer tests. Temperature had a decisive effect on f1, reducing its 

value by over 30%. Damping also increased, but only by 50%. The fact that the observed 

damping is much higher during winter is not intuitive, since at low temperatures the asphalt is 

with its least viscous behaviour (the storage modulus dominates the loss modulus, which 

translates to low energy dissipation).  

This might be explained by the lower composite action (i.e. shear transfer) between deck and 

asphalt that occurs during summer. The lower shear transfer implies that the damping potential 

of the asphalt (theoretically high during summer) could not be harnessed. During winter the 

composite action is more developed, and so the damping provided by the asphalt, even for low 

viscosity, has a higher effect on the structure.    

In addition to the laboratory tests, Feltrin et al. (2011) also performed measurements on existing 

timber footbridges. Two bridges were considered, A and B (Figure 5). 

 

Figure 5 Footbridges A and B; from Feltrin et al. (2011)  

 

Bridge A comprises three spans with lengths 18, 22 and 18m. The main structural elements are 

four glulam girders with 633mm of height and 200mm of width. The deck is made of CLT 

(cross- laminated timber), with a width of 2.5m and thickness of 85mm, covered by an asphalt 

pavement with thickness of 35mm.  

With a similar structural system, bridge B possesses five simply supported spans with lengths 

19.5, 17.5, 22.2, 22.2 and 22.2m. The deck is composed of solid glulam panels with 2.44m of 

width and 660mm of thickness. The pavement thickness is 60mm.  
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In order to measure the bridges’ first natural frequency and respective damping ratio, ambient 

vibration tests and excitation by a person jumping were performed at low and high temperatures. 

The accelerations across the deck were then measured by accelerometers, which provided data 

for the determination of the natural frequencies and damping ratios. These results are presented 

in Table 3. 

Table 3 Frequency and damping ratio of the first vibration mode; from Feltrin et al. (2011) 

 
 

Bridge A displays a variation of natural frequency of 0.73Hz over a temperature change of 25°C, 

which is a significant magnitude, especially considering that this is the first vibration mode. This 

corresponds to a change rate of 0.029Hz/°C. Bridge B displays a similar rate, with 0.028 Hz/°C. 

As explained by Feltrin et al., the smaller impact of temperature change on the experimental test 

as compared to the laboratory specimen may be explained by the greater relative stiffness of the 

timber structure on the footbridges, making them less sensitive to the asphalt stiffness. 

Another result that differed from the laboratory experiment was the damping ratio. There was 

no apparent trend regarding that value, since while bridge A had a small decrease on ζ with 

increasing temperature, bridge B experienced the opposite. Considering that on a full-sized 

footbridge damping can come from many more sources than on a laboratory specimen, it can be 

understood that these sources govern the damping of the structures. 

The effect of temperature change on the natural frequencies can be observed, over the frequency 

domain, in Figure 6. It is evident that the structure has an overall softer behaviour for 20°C, with 

a decrease on the natural frequencies. 

 

Figure 6 Frequency spectra at different temperatures measured on footbridge A; from Feltrin 

et al. (2011) 
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Additional tests were conducted on the footbridges, and the article concludes by confirming the 

correlation between increasing air temperature and decreasing stiffness, while still observing no 

apparent correlation between temperature and damping ratio.  

It is also stated that a more reliable estimation of the asphalt’s influence requires a better 

understanding of the degree of composite action between timber and pavement.  

A fundamental difference between the experimental research done by Feltrin et al. and the one 

to be conducted in this thesis is that while footbridges A and B are girder bridges, the structural 

system of the Vega bridge is the arch. Since this system is inherently stiffer than girder bridges, 

it may be that the effect of asphalt stiffness will play a lesser role on the dynamic properties of 

the Vega bridge.  

 

2.3 The difficulty in accounting for connections 
 

One case study that was reviewed for this thesis was the one around the Lardal pedestrian bridge 

(Figure 7), performed by Rønnquist et al. (2015). 

 

Figure 7 The Lardal pedestrian bridge; from Rønnquist et al. (2015) 

 

This slender timber bridge, with a main span of 92m and total length of about 130m, is highly 

prone to excessive lateral vibrations, and the objective of this case study was to produce a 

calibrated model that could replicate the natural frequencies and mode shapes (which could not 

be accurately defined in the design phase), and to propose mitigation measures.  

The main conclusions reached by the author were that while a simpler model may be appropriate 

for a static analysis of the structure, it may not accurately predict its dynamic behavior. For that 

end, the connections between structural elements would have to be modelled in greater detail, 

since they have a critical influence in the dynamic stiffness of the bridge. However, predicting 

a connection’s stiffness still in the design phase may be very challenging. The calibrated model 

achieved by the author was possible only through experimental measurements of the built 

structure. 
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3 Methodology 
 

To achieve the objectives of this research, two procedures were devised: the experimental 

assessment of dynamic properties of the Vega Bridge and the production of a calibrated FEM 

model that can replicate the dynamic behaviour of the structure.  

The experimental assessment will attempt to detect the influence of changing temperature on 

the dynamic properties of the bridge, regarding mainly the natural frequencies, damping ratios 

and modal shapes. One test was performed during cold weather (March 11th, 2019: -6°C) while 

the other during warmer conditions (May 15th, 2019: 15°C).  

These results are then used to calibrate a FEM model of the bridge that can replicate the 

measured dynamic behaviour. The purpose of this is to detect the most critical parameters that 

condition the model’s accuracy, as well as to model the seasonal influence of the asphalt 

pavement, if that is indeed observed. The conclusions could then aid the design of future 

structures with similar structural system, material and dimensions. 

 

3.1 Experimental assessment  

3.1.1 Test set-up and instrumentation 
 

The dynamic assessment is done by analysing and processing the accelerations caused by 

different excitations, measured at multiple points of the structure.  

To determine the points where accelerometers should be placed, a preliminary FEM model was 

conceived. Through this model, it was possible to determine roughly how the mode shapes 

would develop, and thus the best locations to place accelerometers were the ones where 

meaningful amplitudes would occur for each mode.  

The excitation points were also determined this way, since the most efficient manner to excite a 

given vibration mode is to introduce a force at the same location and direction as where the 

maximum amplitude of the mode shape is observed.  

Using this method, six mode shapes of interest were studies: the first transverse mode of the 

arch, the three first vertical mode shapes of the deck, as well as its first transverse and the first 

torsional modes.  

The preliminary mode shapes and the distance of the points of maximum amplitude from 

midspan are summarized in Figure 8. 
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(a) 1st transverse mode (arch) 

 

(b) 1st vertical mode (deck) 

(c) 2nd vertical mode (deck) 

 

(d) 1st transverse mode (deck) 

 
(e) 3rd vertical mode (deck) 

 

(f) 1st torsional mode (deck) 

 

Figure 8 

 

Preliminary 

mode shapes 

(a) Maximum amplitude along the arch/bracings 

(b) Maximum amplitude at 9.2m from midspan 

(c) Maximum amplitude at midspan 

(d) Maximum amplitude at midspan 

(e) Maximum amplitude at 11m from midspan 

(f) Maximum amplidue at 7.8m from midspan 

Considering these mode shapes and their points of maximum amplitudes, the excitation points 

were chosen as specified in Figure 10. 

Two methods were used to excite the structure: striking the excitation points with an impact 

hammer (Figure 9) and jumping. The benefit of using an impact hammer is the option of 

recording the force input in the system, and thus being able to generate a frequency response 

function (FRF). Through this function, the consistency of the structural response to the test can 

be evaluated. 

 
Figure 9 Impact hammer  
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Figure 10 Excitation points (dimensions in m) 
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The accelerometers were then positioned in a way to capture the mode shapes presented in 

Figure 8. A total of fifteen accelerometers were used in the experimental test for cold conditions, 

while eighteen were used for the test in warm conditions. Their placement, numbering and 

orientation is shown in Figure 12. Except for the three extra accelerometers used in the second 

test (numbers 16, 17 and 18), the instrumentation set up was identical for both cases.  

The accelerometers were attached to steel bases that could hold accelerometers either in both 

vertical and horizontal directions (Figure 11a) or in the vertical direction only. Data was 

collected at a sampling frequency of 2500 Hz.  

Accelerometers 1, 3, 5, 7, 9, 11, 13, 14 and 16 capture accelerations in the vertical direction, 

and are used to study the vertical and torsional mode shapes of the deck. Analogously, 

accelerometers 2, 4, 6, 8, 10 and 12 are used to assess the transverse modes. 

Accelerometer 15 was attached to one of the bracings in the horizontal direction (Figure 11b) to 

study the transverse vibration modes of the arch.  

Accelerometers 17 and 18 were used to verify the boundary conditions behavior, mainly to 

check if the rotations would develop as theoretically predicted. 

                   
(a) 

 
                 (b) 

 
                        (c) 

Figure 11 Accelerometer setup (a) deck (b) bracing (c) data collection  
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Figure 12 Accelerometer placement and numbering (dimensions in m) 
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Following this setup, a total of twenty seven tests were performed, as summarized in Table 4. 

Table 4 Test summary 

Excitation Hammer test Jump test 

HV1 – 1st vertical mode 3x 3x 

HV2 – 2nd vertical mode 3x 3x 

HV3 – 3rd vertical mode 3x 3x 

HH1 – 1st horizontal mode 3x - 

HTV1 – 1st torsional mode 3x 3x 

 

3.1.2 Treatment of experimental results 
 

The resulting data was processed to extract the experimental natural frequencies, mode shapes 

and damping ratios of each vibration mode. The code developed for this analysis, written in 

matlab, is found in Appendix B. 

All acceleration signals are first filtered by a low-pass Butterworth filter with a cut-off frequency 

of 20 Hz. The frequency content over this range is too high to be of significance in the dynamic 

assessment of the structure, and thus the filter is appropriate to reduce the signal’s noise.  

In some cases, the noise in the signal still remained too high and compromised the results in the 

frequency domain. To overcome this, the signal was manually altered to enforce zero 

acceleration prior to the excitation as well as for when free vibrations had ended.  

With the resulting signal in the time domain the following processes were implemented to 

extract the dynamic properties of the bridge: 

• NATURAL FREQUENCIES 

Natural frequencies are determined by studying the accelerometer signal in the frequency 

domain. Thus, an FFT (Fast Fourier Transform) is done for data in the time domain for each 

accelerometer that captures the direction of the vibration mode of interest. 

The FFT decomposes the signal into its constituent frequencies, which are presented in the 

frequency domain. The peaks in this domain correspond to the natural frequencies, since the 

frequency content of the original acceleration signal develops as a linear combination around a 

structure’s natural frequencies. 

The values obtained by this procedure must be corrected, since it yields results with an 

imaginary parcel (which represents the phase angle of a given frequency with respect to the 

original curve). Also, this process creates a distribution that is reflected around the Nyquist 

frequency, with their amplitudes divided by 2 and weighted by the number of samples N. 

To obtain the correct amplitudes in the frequency domain, the absolute value of the results must 

be taken (thus losing information of the phase angle) and multiplied by the correction factor S. 

This factor multiplies results by 2 and divides by the number of samples N, correcting the 
reflection of the distribution around the Nyquist frequency. Figure 13 presents an example 

of a signal represented in the time and frequency domain.   
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(a) 

 
(b) 

Figure 13 Acceleration signal in (a) time domain (b) frequency domain – accelerometer #1 

 

However, detecting the peaks in the frequency domain alone is not enough to determine to which 

vibration mode that frequency is related (i.e. the first peak of Figure 13b is not necessarily the 

first vertical mode of the deck), and thus the corresponding mode shape must be plotted to fully 

characterize a vibration mode and its related natural frequency.   

 

• VIBRATION MODE SHAPES 

The process previously described calculates the absolute values of the amplitudes for each 

frequency composing the acceleration signal. However, to plot the vibration mode shape related 

to a given frequency, the direction in which these amplitudes develop must also be known. 

Then, by knowing the amplitudes of all accelerometers, the relative directions of their motion 

(positive or negative in the vertical or horizontal direction), the vibration mode shapes may be 

determined. 

To calculate this relative motion direction, it is first necessary to consider the phase angle of 

the complex number calculated by the FFT, which is stored in a matrix (Phase Angle matrix). 

Its purpose is to compose another matrix (Sign matrix), containing only elements that are either 

+1 or -1. This is done as in equation 1, by performing an element-wise division of matrices. 

        𝑆𝐼𝐺𝑁 =  
cos (𝑃𝐻𝐴𝑆𝐸 𝐴𝑁𝐺𝐿𝐸)

𝑎𝑏𝑠(cos (𝑃𝐻𝐴𝑆𝐸 𝐴𝑁𝐺𝐿𝐸)
                                                  (1)  

The matrix containing the amplitudes is then divided by the Sign matrix, thus attributing these 

amplitudes with a positive or negative sign that conveys the relative direction of motion 

between accelerometers.  

To illustrate this process, one of the experimental results is here presented in Figure 14, where 

the peaks over a natural frequency are highlighted.  

The test that produced such results, HV1, was carried out in order to excite the first vertical 

mode of the deck, and thus the studied accelerometers were the ones oriented in the vertical 

direction.  

By taking the highlighted amplitudes, evaluating their relative motion directions and by 

knowing their positions, the mode shape in Figure 15 was generated. By doing this procedure 

it may be concluded that the first peak in the frequency domain is indeed the natural frequency 

related to the first vertical mode of the deck. 
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Figure 14 Frequency domain of the vertical accelerometers – Test HV1 

 

 
Figure 15 Vibration mode shape – Test HV1 
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• DAMPING RATIOS 

The Half Power Bandwidth (HPB) method was used to determine the damping ratios for each 

vibration mode. This method, which is appropriate for damping ratios (ζ) smaller than 10% 

(which is almost always the case in structural dynamics), evaluates ζ in the frequency domain. 

To determine ζ for a given vibration mode related to frequency fn, a horizontal line is first drawn 

on the frequency domain with an amplitude Amax/√2, where Amax is the amplitude related to fn. 

The intersection of this line with the curve will then define two other frequencies, f1 and f2, as 

seen in Figure 16. Having defined these values, the damping ratio is then calculated according 

to equation 2.  

                           𝜁 ≈  
𝑓2−𝑓1

𝑓2+𝑓1
                                                    (2) 

 
Figure 16 HPB method – algorithm 

Not all curves in the frequency domain allowed for a successful application of the HPB method. 

As an example, the curve in Figure 17b has successive local peaks after the maximum value, 

and thus the horizontal line defined f1 and f2 over a wider range that will overestimate ζ. Such 

results were discarded and not considered.  

The curve in Figure 17a, however, had a smooth descent after the peak, and allowed for a good 

estimation of ζ.  

  
(a) 

 
(b) 

Figure 17 HPB method (a) accounted for in results (b) discarded result 
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• FREQUENCY RESPONSE FUNCTION 

As a way to evaluate the consistency of experimental results, the frequency response function 

was calculated.  

This function is defined as the output of a system in the frequency domain (in this case, the 

accelerations) divided by the input (the force applied by the impact hammer, also in the 

frequency domain).  

It is expected that the amplitudes of the accelerations are proportional to the force input, and 

thus the relation between output and input should be constant. If so, it is an indication that the 

results are consistent and more reliable. 

 

3.2 FEM model 
 

The FEM model of the Vega Bridge was developed using the software BRIGADE/Plus. The 

workflow in this software is divided in different modules, in which specific features of the model 

are defined. Table 5 summarizes each module used in the conception of the FEM model, as well 

as their respective function.  

Table 5 BRIGADE/Plus modules 

MODULE FUNCTION 

Part Geometrical definition of structural components 

Property Material model and cross-sectional definition of structural components 

Assembly Positioning of each structural component to constitute the entire structure 

Step 
Definition of what type of analysis will be performed (such as static, 

buckle, frequency) and their respective outputs 

Load  Application of loads and boundary conditions  

Interaction 
Definition of how each structural component will interact in the 

assembled structure 

Mesh Definition of mesh size and element types 

 

 

Each step of the following methodology will be separated according to these modules, so to 

follow the actual workflow applied in the creation of this FEM model. This is done aiming users 

who are familiar with BRIGADE/Plus or Abaqus, though the directions should be enough to 

reproduce the model in any FEM software.  

The asphalt layer will be initially considered as an added mass (input in the Property module). 

This layer will later be modelled as an independent part (with correct geometry and offset) for 
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section 5.2.2, where the experimental and theoretical results as well as the role of the stiffness 

of the asphalt layer will be evaluated. 

 

3.2.1 Part module 
 

Five parts must be created to assemble the Vega Bridge model: an arch segment, bracing, 

hangers, cross beam and deck.  

• ARCH SEGMENT 

The 3-hinged arch of the Vega Bridge is built with the component presented in Figure 18(b). 

This arch segment was extracted by first drawing a circle with the radius that would yield the 

correct curvature of the arch (calculated as 30.352m). Then, a vertical line was drawn, dividing 

the circle in two equal parts, and a horizontal line was introduced with an offset of 5.363m (the 

rise of the arch) from the top of the circle. After trimming the circle with these intersecting 

lines, the arch segment was extracted with the correct dimensions. Though Figure 18(a) shows 

the hinges, these are only introduced in the Interaction module.  

 
(a)  

 
(b)  

Figure 18 Arch segment – (a) technical drawing (b) FEM model (dimensions in m) 
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• BRACING 

There is a total of six K-shaped bracings connecting parallel segments of the arches (as seen in 

Figure 19(a). This component was drawn considering that the elements connect at their axes 

(the line passing through the centre of gravity of each cross-section), thus not considering the 

element’s thickness.  The resulting dimensions and FEM component are presented in Figure 19 

(b) and (c). 

 

 

(a)  

 

(b)  

 

(c)  

Figure 19 (a) Plan view (b) technical drawing (c) FEM model (dimensions in m) 

 

 



3.2 FEM model  25 

 

 
 

 

 

• HANGERS 

The hangers on each side of the bridge are drawn on a single part, and then duplicated in the 

Assembly module to form the full set of hangers. In this part, there are four V-shaped hangers 

(thus eight individual hangers) which must be defined.  

In order to check the sensitivity of the model with respect to the modelling of the hangers, two 

cases were verified: one that considered the hangers as connecting with the arch and cross-

beam at their cross-sectional axes (Figure 20b), and another considering the offset between 

these elements, where the length of the hangers was defined as the distance between the 

“physical” hinges on each extremity of the hanger (Figure 20c, which considers the dimensions 

presented in Figure 20a). 

The difference between modelling approaches is small, and the simpler display could be used 

(i.e. no offset considered). The model that was chosen for further analysis was the one that does 

consider the offset, since it is theoretically more precise. This was done since the precise part 

was at disposal, but a designer working on a new similar structure could likely consider the 

simpler approach, at least for the determination of natural frequencies and vibration modes.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 20 Hangers (a) technical drawing (b) FEM model – no offset (c) FEM model – actual 

dimension (dimensions in m) 
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• CROSS BEAM 

The cross beam is the most straightforward element to be defined: its geometry consists of a 

line with 7.45m length. There are four identical cross beams in total, which will be positioned 

in the Assembly module. The resulting part may be seen in Figure 21. 

 
(a) 

 
(b) 

Figure 21 Cross Beam (a) technical drawing (b) FEM model (dimensions in m) 

 

• DECK 

The deck of the Vega Bridge is built with the SLTD system, being represented in BRIGADE 

as shell elements.  Its shape has a longitudinal curvature, as well as a transversal slope of 2%.  

The longitudinal shape was considered by drawing a line with the correct curvature followed 

by an extrusion of 4.5m (deck width), to form the deck surface. This is shown in Figure 22 and 

Figure 23. 

 

 
(a) 

 
(b) 

 

Figure 22 Deck (a) longitudinal profile – technical drawing (b) longitudinal profile – FEM 

model (dimensions in m) 
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(a) 

 
(b) 

Figure 23 Deck (a) plan view–technical drawing (b) plan view–FEM model (dimensions in m) 

 

The longitudinal curvature does not significantly enhance the precision of the model (a flat deck 

produced similar results), but the transversal slope must be taken into account, since it affects 

particularly the first transverse vibration mode (this is shown in section 3.2.9: the higher slope 

decreases the inertia of the deck with respect to bending in the transverse direction). Figure 24 

presents the deck with the correct slope. 

 

 

 

Figure 24 Deck (a) cross section – technical drawing (b) cross section – FEM model  

 

3.2.2 Property module 
 

Having created all necessary parts, the next step is to define the material model and cross 

sections that will be assigned to each part. There are three materials that must be considered: 

glulam CE L40c (for arches and bracings), steel S355J (for hangers and cross beams) and the 

properties of the deck (SLTD system). 
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• GLULAM – CE L40c  

The material properties for glulam are as presented in Figure 25, with a density of 440kg/m3 

and E modulus of 13 GPa. 

  
Figure 25 CE L40c definition (density in kg/m3 and E modulus in Pa) 

 

• STEEL – S355J  

The material properties for steel are as presented in Figure 26, with a density of 7850kg/m3 and 

E modulus of 210 GPa. 

  
Figure 26 S355J definition (density in kg/m3 and E modulus in Pa) 
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• SLTD DECK 

The definition of the SLTD deck is not as straightforward as the other materials. Being 

comprised of timber beams that are prestressed transversally (thus carrying loads mainly 

through friction), the material was defined as orthotropic. A schematic setup of this system is 

presented in Figure 27. 

 

Figure 27 SLTD - Stress laminated timber deck (from European Journal of Wood and Wood 

Products, 2016) 

The values of the stiffnesses that may be adopted are presented in Table 6 , in the case for planed-

planed stress-laminated deck plate. The stiffness in the direction of the grain, Ex, is 13 GPa and 

Poisson’s ratio, ν, is considered to be zero. 

Table 6 SLTD properties 

Type of deck plate Ey,z,mean/Ex, mean Gxy,xz,mean/Ex,mean Gyz,mean/Gxy,mean 

planed – planed 0,020 0,060 0,100 

 

Thus, the constitutive matrix for this material is: 

 

𝐷 =

[
 
 
 
 
 
 

1/𝐸𝑥 −𝜈𝑦𝑥/𝐸𝑦 −𝜈𝑧𝑥/𝐸𝑧

−𝜈𝑥𝑦/𝐸𝑥 1/𝐸𝑦 −𝜈𝑧𝑦/𝐸𝑧

−𝜈𝑥𝑧/𝐸𝑥 −𝜈𝑦𝑧/𝐸𝑦    1/𝐸𝑧

0        0       0
0        0       0
0          0        0

        0               0             0
0       0             0
0       0             0

    

1/𝐺𝑥𝑦  0 0 

 0 1/𝐺𝑥𝑧 0 
 0  0 1/𝐺𝑦𝑧]

 
 
 
 
 
 

                             

 

 

𝐷 =

[
 
 
 
 
 
1/13000 0 0

0 1/260 0
0 0    1/260

0        0       0
0        0       0
0          0        0

 
0
0
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0
0
0
           

0
0
0

1/780 0 0  
0 1/780 0  
0 0 1/78]

 
 
 
 
 

        [𝑀𝑃𝑎]−1 
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In order to consider the asphalt layer as an added mass, the density of the deck is increased to 

an equivalent value that accounts for both the mass of the timber deck and of the asphalt layer. 

Considering the timber density as 440 kg/m3 and asphalt density as 2243 kg/m3, the resulting 

equivalent density is 1009,6 kg/m3. This number was defined by calculating the total mass of 

the deck-asphalt component and confining that mass to the volume of the timber deck alone. 

This process is summarized in Table 7. 

 

Table 7 SLTD – Equivalent density 

 
Length 

[m] 

Width  

[m] 

Thickness 

[m] 

Volume 

[m3] 

Density (ρ) 

[kg/m3] 

Total Mass 

[kg] 

Deck 

 

35.9 

 

4.5 

 

0.315 

 

50.89 

 

440 

 

22390.83 

 

Asphalt 35.9 4.5 0.08 12.92 2243 28988.54 

𝜌𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 
𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒𝑑𝑒𝑐𝑘
= 

22390.83 + 28988.54

50.89
= 1009.6 

𝑘𝑔
𝑚3⁄  

 

 

• CROSS SECTIONS 

The cross sections assigned to each part are found in Table 8. 

 

Table 8 Cross sections (dimensions in mm) 

Part Shape Profile 

Arch rectangular 

                

Bracing rectangular 

                

Hanger circular (hollow) 

       

Cross beam HEB360 

               

Deck 
shell element 

(thickness) 
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3.2.3 Assembly module 
 

In this module, the parts that were previously created are now positioned to form the entire 

structure. The guidelines bellow are meant to convey only an overview of the location of each 

element, while their exact position should be extracted from the technical drawings of the bridge. 

• ARCH 

To compose the two 3-hinged arches, the “arch” part must be introduced in this module four 

times. After rotating and mirroring the parts, one should obtain two parallel arches that are 

separated by 7 m and have a total span of 34.46m. 

• BRACING 

The “K-shaped bracings” part must be introduced six times, being translated into place and 

rotated so to follow the curvature of the arch. Guidelines are found on Figure 28. 

 
Figure 28 Bracing positioning (dimensions in m) 

• HANGERS 

Since the set of hangers were modelled for one arch, this part must be introduced twice in the 

Assembly, being positioned under each arch. 

• CROSS BEAM 

There is a total of four cross beams, which must be positioned under each set of V-shaped 

hanger, as in Figure 29. 

 

Figure 29 Cross beam positioning (dimensions in m) 
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• DECK 

Finally, the last element to be introduced in the Assembly module is the deck, composing the 

model presented in Figure 30(b). 

 
(a) 

 

(b) 

Figure 30 (a)Technical drawing (b)Assembled model 

3.2.4 Step module 
 

In this section the types of analysis to be performed and their outputs are defined. There are two 

main analysis that must be performed: the extraction of the natural frequencies/mode shapes and 

the simulation of an impulse analogous to one of the experimental hammer tests.  

Performing the latter simulation allows for comparison between the experimental response of 

the structure and that of the FEM model which, if the outcomes are similar, is a strong form of 

validation for the FEM model.  

• FREQUENCY STEP 

The Lanczos eigensolver was selected in determining the natural frequencies, with a frequency 

range of interest defined from 1Hz to 8Hz. 

• MODAL DYNAMICS STEP 

In simulating the experimental hammer test, the time period was defined as the duration of the 

test (in seconds) and the time increment as the inverse of the sampling frequency (1/2500 

seconds). Then, the experimental damping values were assigned to each vibration mode.  

To take into account the impulse caused by the hammer, a point load was defined at the same 

location where the hammer was struck, and the experimental data collected by the impact 

hammer (time x force) was then input in BRIGADE as the amplitude of the defined force over 

time.  

3.2.5 Load module 
 

Now, loads and boundary conditions are introduced. No loads need to be considered to extract 

the natural frequencies of the structure (only the mass and stiffness matrices are needed for that 

end), but a load must be defined for the simulation of the hammer test.  
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• LOAD 

The most suitable test for this simulation is test HV1, since it presented a consistent frequency 

response function across all measurements, both in cold and warm weather. The load must then 

be introduced at the same location as in the experimental test, at 9.2m from midspan (Figure 31)  

 
(a) 

 
(b) 

Figure 31 Load location for HV1 test (a) conceptual drawing (b) FEM model  

• BOUNDARY CONDITIONS 

Two boundary conditions must be introduced: at the arch’s springings and at the deck’s 

abutments.  

The arches are connected to a concrete block by a steel device that, ideally, only allows for 

rotation around the y axis (according to axis definition in Figure 32). It will be shown later that 

this steel device does not completely restrain rotations around the x and z axes, and this boundary 

condition will be calibrated to match experimental results. This is done in section 5.2.1. 

   

 

                  

 

Figure 32 Arch boundary condition (a) technical drawing (b) BRIGADE definition  
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The deck is supported continuously along the abutment’s length. The restrains of horizontal 

translations are introduced by steel plates (Detail 1 of Figure 33), which are embedded in the 

abutment’s concrete in one end and inserted into the deck on the other. The outermost plates 

are oriented in a way to prevent longitudinal displacement, while the one on the center prevents 

transversal displacement.  

These boundary conditions were introduced in the deck with an offset, which considers the 

deck’s height. Thus, reference points were created with an offset of 157.5mm (half the deck 

height – the distance between the deck’s middle surface and the abutment), where the boundary 

conditions where defined. Introducing the boundary conditions without an offset would impact 

mainly the first transverse vibration mode of the deck, as is shown in section 3.2.9. 

The boundary conditions introduced at all reference points restrain vertical translations, while 

the reference points that correspond to the location of the steel plates restrain either longitudinal 

or transverse translations, depending on the orientation of the respective plate.  

 
(a) 

   
(b) 

Figure 33 Deck boundary conditions (a) technical drawing (b) FEM model – reference points 

where boundary conditions are introduced (dimensions in mm) 
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3.2.6 Interaction module 
 

After assembling each element into their final position, the interaction between them is 

established in this module.  Six interactions must be defined, according to Table 9. 

Table 9 Interactions 

Interaction Constraint type Description 

(1) 

 

Arch – Arch 

 

Coupling 

 

Introduces the hinge at the crown of the arch, 

allowing rotation around only one axis (UR2) 

 

(2) 

 

Arch – Bracing 

 

Tie 

 

Only allows rotational DOFs (acts like a hinge) 

 

(3) 

 

Arch – Hanger 

 

Tie 

 

Only allows rotational DOFs (acts like a hinge) 

 

(4) 

 

Hanger – Cross beam 

 

Tie 

 

Only allows rotational DOFs (acts like a hinge) 

 

(5) 

 

Deck – Bearing 

 

Tie 

 

Tie all DOFs between the deck and the 

reference points where boundary conditions are 

introduced 

 

(6) 

 

Cross beam – Deck 

 

Coupling 

 

Restrains translations at specific points 

 

 

Interaction (6) must be defined more precisely, since the dynamic behaviour of the structure is 

very sensitive with respect to the cross beam/deck connection, especially the torsional vibration 

modes.  

In an analogous way as the deck/abutment connection described in section 3.2.5, the restraints 

are introduced by steel plates (shown in Figure 34a), welded in the cross beam and inserted in 

the timber deck.  

To simulate this connection in the FEM model, a coupling constraint was defined where the 

appropriate translational restraint (according to the steel plate orientation) was introduced.  

 
(a) 

 
(b) 

Figure 34 Cross beam (a) conceptual design (b) FEM model – coupling constraint 
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3.2.7 Mesh module 
 

Finally, the mesh details are assigned to each element. Except for the deck, which was modelled 

with shell elements, all other elements (arch, bracing, hanger and cross beam) were modelled as 

beam elements.  

The selected mesh size and element types are summarized in Table 10. 

Table 10 Mesh details 

Global seed size: 0.1m 

Shell element: 
S4R: A 4-node doubly curved thin or thick shell, reduced 

integration, hourglass control, finite membrane strains 

Beam element: 
B31: A 2-node linear Timoshenko beam in space, with 

linear shape functions 

3.2.8 Model verification 
 

In order to check if the model conception is correct, two checks were done.  

A simple and straightforward way to investigate if materials, cross sections and connections are 

correctly defined is to check the total mass of the FEM model compared to values calculated by 

hand. This is shown in Table 11. 

The other method, which is a much stronger method of validation, is the comparison between 

the experimental structural response from the hammer impulse and the simulation of the same 

excitation in the FEM model. These results are presented in section 4.2.2. 

Table 11 Total Mass verification 

 Cross 

sectional 

area (m2) 

Total Length 

 (m) 

Volume  

(m3) 

Density 

 (kg/m3) 

Mass  

(kg) 

Arch 0.1539 73.28 11.28 440 4963.2 

Bracing 0.0342 101.4 3.47 440 1526.8 

Hanger 0.00106 63.58 0.068 7850 533.8 

Cross beam 0.018 29.8 0.54 7850 4239.0 

Deck 1.4175 35.9 50.89 1009.6 51378.5 

    Total: 62641.3 

    FEM model: 62487.3 

    Difference: 0.2 % 
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3.2.9 Sensitivity analysis 
 

Having developed the FEM model as described previously, different modelling approaches were 

then considered for some elements, to evaluate how robust the base model is with respect to 

these parameters and if a simpler approach would suffice in obtaining the same natural 

frequencies.  

The following alterations were considered: 

(1) Hangers as bar element  

(2) Hangers connecting to the arch axes (no offset of hinges) 

(3) Full hinge at the arch’s crown (rotations are allowed in all directions) 

(4) Restriction of all rotations at the connections of hangers and bracings (instead of hinged 

connections) 

(5) Isotropic deck 

(6) Bearings that restrain longitudinal translations on both abutments (instead of restraining 

in only one end of the deck). 

(7) No offset at bearings (boundary conditions introduced at the deck’s middle surface) 

(8) Deck without any transversal slope 

(9) Full interaction between deck and cross beam (tie constraints over the entire length 

between deck and cross beam) 

Interventions (1) to (4) have minimum impact, and the change in the relevant natural frequencies 

is no higher than 1% in all cases, implying that the model could be simplified. 

It may also be concluded that, due to intervention (4), the bending stiffness of the bracings and 

hangers as well as the degree in which their connections behave as an ideal hinge do not play a 

significant role in results.  

All other interventions do produce meaningful impacts and cannot be overlooked or simplified. 

Considering the deck as isotropic (5), though overcoming the difficulty of the orthotropic 

material definition, would overestimate the results by as much as 32% in the first transverse 

mode of the deck. 

The definition of the restraints introduced by the bearings (6) also impacts the results, 

particularly the first transverse mode of the deck, which is increased by 10.4%. This 

consideration, however, should not be discarded when comparing the natural frequencies from 

the FEM model with the experimental ones, since it is reasonable that the supports in the real 

bridge would indeed have restrained translations in both ends of the deck (due to friction, 

especially for low amplitude vibrations).  

Intervention (7) also impacted the first transverse mode of the deck, decreasing it by 17.1%.  
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Disregarding the transversal 2% deck slope (8) produced a small, but still meaningful impact on 

the first transverse mode of the deck, increasing it by 3.5%. 

Finally, intervention (9) will overestimate all vertical and torsional modes of the deck by as 

much as 25%. Therefore, the model is extremely sensitive to the definition of this connection, 

and together with the positioning of the bearing offset, prove to be among the most critical 

parameters to be defined.  

It is important to mention that this sensitivity analysis applies only in evaluating the dynamic 

behavior of the model (which is the interest of this thesis) and is not necessarily valid for a static 

analysis. 
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4 Results 
In this section, experimental and FEM results are presented. Discussion and conclusions around 

them are given in the following session. 

 

4.1 Experimental results 
Following the methodology described in section 3.1, both measurements were carried out, 

taking place roughly two months apart and with a temperature variation of 21˚C. 

Apart for the three extra accelerometers used in the second measurement (explained in section 

3.1), the only methodological difference between them was in the way in which the jump test 

was performed.  

For the first measurement, the jump test was done simply by jumping at each excitation point 

and waiting until free vibrations had ceased. However, these tests yielded unexpected results for 

the first natural frequency that were consistently in conflict with those from the hammer test. 

Considering that the natural frequencies of the structure should be constant and not depend on 

the mode of excitation, further investigation of these signals was done. This analysis and the 

procedure to overcome the problem are presented in detail in Appendix A. With some additional 

signal processing, the results could be taken into account. 

One of the conclusions from this problem, which was applied for the measurement in warm 

conditions, is that jumping should start from a height (achieved by standing on a box next to the 

excitation point), and not from the deck. By taking a step forward and “falling” from the box at 

the excitation point – it is key that no upwards impulse is exerted on the deck – this issue was 

avoided.  

Given the sheer amount of experimental results, it is not practical to present them in their totality, 

though they were all accounted for. Thus, for each test, the most critical results were chosen to 

be presented and summarized the following way: 

• Frequency Response Function (FRF): Conveys the consistency of the test. The determined 

natural frequency is highlighted with a black dashed line (note: this function is not used to 

plot the mode shapes, since the amplitudes in all accelerometers are normalized in the FRF). 

The FRF cannot be generated for the jump tests. 

• Experimental mode shapes 

• Natural frequencies (f) and damping ratios (ζ): average value and standard deviation 

Results from the first measurement are shown from Figure 35 to Figure 39, while those from 

the second measurement are shown from Figure 40 to Figure 44. A summary of experimental 

results is presented in section 4.1.3. 
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4.1.1 Cold conditions (March 11th, 2019: -6˚C) 

Excitation at HV1 – 1st vertical mode Hammer test: 1A, 1B, 1C 

Relevant accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 - 14 Jump Test:     6A, 6B, 6C 

 
 

 
Figure 35 Experimental results – cold conditions – Test HV1 
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Excitation at HV2 – 2nd vertical mode Hammer test: 2A, 2B, 2C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 - 14 Jump Test:     7A, 7B, 7C 

 

 

 
Figure 36 Experimental results – cold conditions – Test HV2 
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Excitation at HV3 – 3rd vertical mode Hammer test: 3A, 3B, 3C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 - 14 Jump Test:     8A, 8B, 8C 

 

 
Figure 37 Experimental results – cold conditions – Test HV3 
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Excitation at HH1 – 1st horizontal mode Hammer test: 4A, 4B, 4C 

Accelerometers: 2 – 4 – 6 – 8 – 10  

 

 

Figure 38 Experimental results – cold conditions – Test HH1 (plan view of the deck) 
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Excitation at HTV1 – 1st torsional mode Hammer test: 5A, 5B, 5C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 - 14 Jump Test:     9A, 9B, 9C 

 

 

Figure 39 Experimental results – cold conditions – Test HTV1 
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4.1.2 Warm conditions (May 15th, 2019: 15˚C) 
Excitation at HV1 – 1st vertical mode Hammer test: 1A, 1B, 1C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 – 14 – 16 – 17 – 18  Jump Test:     6A, 6B, 6C 

 

 
Figure 40 Experimental results – warm conditions – Test HV1 
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Excitation at HV2 – 2nd vertical mode Hammer test: 2A, 2B, 2C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 – 14 – 16 – 17 – 18  Jump Test:     7A, 7B, 7C 

 

 
Figure 41 Experimental results – warm conditions – Test HV2 
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Excitation at HV3 – 3rd vertical mode Hammer test: 3A, 3B, 3C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 – 14 – 16 – 17 – 18  Jump Test:     8A, 8B, 8C 

 

 
Figure 42 Experimental results – warm conditions – Test HV3 
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Excitation at HH1 – 1st horizontal mode Hammer test: 4A, 4B, 4C 

Accelerometers: 2 – 4 – 6 – 8 – 10 – 12   

 

 

Figure 43 Experimental results – warm conditions – Test HH1 (plan view of the deck) 
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Excitation at HTV1 – 1st torsional mode Hammer test: 5A, 5B, 5C 

Accelerometers: 1 – 3 – 5 – 7 – 9 – 11 – 13 – 14 – 16 – 17 – 18  Jump Test:     9A, 9B, 9C 

 

 
Figure 44 Experimental results – warm conditions – Test HTV1 
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4.1.3 Comparison: Cold – Warm conditions 
 

 The experimental findings are summarized in Table 12 and Table 13.  

Table 12 Summary – experimental natural frequencies 

Vibration mode 
Natural frequency 

(cold: - 6˚C) 

Natural frequency 

(warm: 15˚C) 
Difference Change rate 

1st vertical mode 3.50 ± 0.07 2.88 ± 0.04 – 17.7 % 0.029 

2nd vertical mode 3.86 ± 0.02 3.51 ± 0.01 – 9.1 % 0.016 

3rd vertical mode 6.27 ± 0.05 5.13 ± 0.03 – 18.2 % 0.054 

1st transverse mode 6.53 ± 0.01 4.53 ± 0.06 – 30.6 % 0.095 

1st torsional mode 5.44 ± 0.03 4.57 ± 0.03 – 15.9 % 0.041 

 [Hz] [Hz]  [Hz/˚C] 

 

The damping ratio (ζ) values have a much higher scatter than the natural frequencies, and it was 

not always possible to apply the HPB method for all accelerometer signals in one test. For the 

measurement in warm conditions, the damping ratio determined in test HV1 (1st vertical mode) 

and HV3 (3rd vertical mode) had two clearly distinct values for the hammer test and the jump 

test. 

Table 13 Summary – experimental damping ratios 

Vibration mode 
Damping ratio 

(cold: - 6˚C) 

Damping ratio 

(warm: 15˚C) 
Difference 

1st vertical mode 3.43 ± 0.34 
Hammer: 1.75 ± 0.44 – 48.9 % 

Jump:      3.24 ± 0.14 – 5.5 % 

2nd vertical mode 3.15± 0.18 1.51 ± 0.30 – 52.1 % 

3rd vertical mode 3.00 ± 0.67 
Hammer: 0.93 ± 0.26 – 69.0 % 

Jump:      2.85 ± 0.41 – 5.0 % 

1st transverse mode 4.51 ± 0.22 4.02 ± 0.71 – 10.9 % 

1st torsional mode 2.02 ± 0.62 2.42 ± 0.40  19.8 % 

 [Hz] [Hz]  

 

To graphically observe the impact of changing temperature on the structure, the FRF for both 

temperatures were plotted (Figure 45). Results for only one accelerometer are presented for each 

test (though they were consistent for all accelerometers). It is evident that, for higher 

temperatures, the FRF is shifted left (indicating a softening of the structure) and amplitudes 

increase.  
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(a) Test HV1 

 
(b) Test HV2 

 
(c) Test HV3 

 
(d) Test HH1 

 
(e) Test HVT1 

Figure 45 FRF: warm conditions X cold conditions 
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The results from accelerometer A15 – attached to the bracing in the horizontal direction to 

capture the transverse mode of the arch – did not show significant differences between cold and 

warm conditions. These results are presented in Figure 46, where the natural frequency of the 

transverse mode of the arch is highlighted, and Table 14. 

Table 14 Summary – A15 experimental results 

Accelerometer 
Natural frequency 

(cold: - 6˚C) 

Natural frequency 

(warm: 15˚C) 
Difference 

A15 2.54 ± 0.03 2.43 ± 0.02 – 4.3 % 

 [Hz] [Hz]  

 

 

 
Figure 46 Accelerometer A15: comparison of results 

 

4.2 FEM results 
 

The FEM model, which considered the asphalt only as an added mass with no stiffness 

contribution, should yield results slightly lower than those of the measurement in warm 

conditions. This is due to the significant reduction in stiffness of the asphalt at higher 

temperatures. This comparison is presented in section 4.2.2. 

 

4.2.1 Natural frequencies and Mode shapes 
 

The natural frequencies and correspondent mode shapes are presented in Figure 47. 
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(a) 1st transverse mode (arch) f = 3.18 Hz 

 

(b) 1st vertical mode (deck) f = 2.68 Hz 

 

(c) 2nd vertical mode (deck) f = 3.54 Hz 

 

(d) 1st transverse mode (deck) f = 4.16 Hz 

 

(e) 3rd vertical mode (deck) f = 4.95 Hz 

 

(f) 1st torsional mode (deck) f = 5.35 Hz 

Figure 47 FEM model: natural frequencies and mode shapes 

 

4.2.2 Comparison: FEM – Experimental results  
 

The natural frequencies of the model are slightly lower than the experimental values for warm 

conditions, expect for the 2nd vertical and 1st torsional modes. The 1st transverse mode of the 

arch is also overestimated in the model, needing further calibration (presented in section 5.2.1). 

These results are presented in Table 15. 

Table 15 Natural frequencies: FEM and experimental results 

Vibration mode 
Natural frequency 

(FEM) 

Natural frequency 

(warm: 15˚C) 
Difference 

1st transverse mode (arch) 3.18  2.43 ± 0.02 30.8 % 

1st vertical mode 2.68 2.88 ± 0.04 6.9 % 

2nd vertical mode 3.54 3.51 ± 0.01 0.9 % 

3rd vertical mode 4.95 5.13 ± 0.03 3.5 % 

1st transverse mode 4.16 4.53 ± 0.06 8.2 % 

1st torsional mode 5.35 4.57 ± 0.03 17.1 % 

 [Hz] [Hz]  
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The mode shapes were also compared in detail, to verify that their behavior was consistent 

between the FEM model and both experimental results. This is presented from Figure 48 to 

Figure 52. 

 
(a) 

 
(c) 

 
(b) 

Figure 48 1st vertical mode shape (deck): (a) experimental (b) FEM model (c) comparison 

 
(a) 

 
(c) 

 
(b) 

Figure 49 2nd vertical mode shape (deck): (a) experimental (b) FEM model (c) comparison 

 
(a) 

 
(c) 

 
(b) 
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Figure 50 3rd vertical mode shape (deck): (a) experimental (b) FEM model (c) comparison 

 
(a) 

 
(c) 

 
(b) 

Figure 51 1st transverse mode shape (deck): (a) experimental (b) FEM model (c) comparison 

 
(a) 

 
(c) 

 
(b) 

Figure 52 1st torsional mode shape (deck): (a) experimental (b) FEM model (c) comparison 

 

As a final method of comparison, the impulse recorded by one hammer test was simulated in 

the FEM model, as described in the methodology (section 3.2.4 and 3.2.5).  

The comparison is done by taking the accelerations caused by the simulation at the same position 

of a determined accelerometer (in this case, A1), and performing an FFT of that signal. The 

results are then compared in the time and frequency domain.  

Similar results in this comparison prove to be a strong validation of the FEM model. The test 

chosen to be replicated was the first hammer test (HV1), performed during the measurement in 

warm conditions. Results are shown in Figure 53 and Figure 54. 

Thus, the simulation was capable of producing similar amplitudes both in the time and frequency 

domain, with peaks around the natural frequencies. The time it took for free vibrations to be 

damped completely was also similar, indicating that the calculated experimental damping ratios 

were reasonable.  
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Figure 53 Impulse simulation (test HV1) – accelerometer A1 – Time domain 

 

Figure 54 Impulse simulation (test HV1) – accelerometer A1 – Frequency domain 
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5 Discussion  
 

5.1 Experimental results 
 

It is evident that temperature variation exerts a significant influence on the dynamic properties 

of the Vega Bridge, by as much as 30.6% on the 1st transverse mode of the deck and 17.7% on 

the 1st vertical mode. The measured rate of frequency variation was 0.029Hz/°C for the 1st 

vertical mode, which is exactly the value reached by Feltrin et al. (2011) in one of their cases. 

The higher impact of temperature change on the 1st transverse mode of the deck was expected, 

since this mode involves bending the deck/asphalt in the direction where it has its highest 

bending stiffness. Thus, any change in the asphalt stiffness would contribute especially in this 

mode.  

Measurements from the thesis that was conducted in parallel to this one, in the Hägernäs Bridge, 

observed a variation of 26.1% on the 1st transverse mode of the deck but only 4.7% on the 1st 

vertical mode. The observed frequency variation for the latter vibration mode was only 0.008 

Hz/°C.  

This might be explained by the fact that the Hägernäs Bridge is not as slender as the Vega 

Bridge, with a higher stiffness of the timber structure alone. This would make it less sensitive 

to the contribution of the asphalt stiffness and its fluctuations. 

As previously exposed, measuring the damping ratio was challenging, and it was not possible 

to identify a definitive correlation with changing temperature, though this value tended to 

decrease. The multitude of possible damping sources also makes it difficult to pinpoint what 

could cause variations in its value. 

Also, the experimental values for damping were almost all higher than the one that is suggested 

by the Eurocode (ζ = 1.5% for structures with mechanical joints). Measurements in the Hägernäs 

Bridge, however, yielded results that were almost all lower than the Eurocode value. 

Considering that both bridges have similar span, materials and structural systems, it goes to 

show how estimating damping may be highly difficult. 

One noteworthy difference between the bridges is the structural system of the deck. The Vega 

Bridge has the SLTD deck, which carries loads mainly through friction. This could perhaps 

explain why the Vega Bridge has higher overall damping. 
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5.2 FEM model 

5.2.1 Calibration 
 

One of the objectives of this thesis is to generate a well calibrated FEM model that can capture 

the dynamic behaviour of the bridge for different temperatures. 

As shown previously, the initial FEM model should produce natural frequencies that are slightly 

lower than the experimental results from warm conditions. This was mostly observed, but 

further adjustments were needed.  

The first step in this calibration is to observe the experimental results from accelerometer A15. 

This accelerometer captures the transverse mode of the arch (Figure 55), which has virtually no 

contribution from the deck or from temperature change. Therefore, the arch behaviour can be 

isolated and calibrated individually. 

 

(a) 
 

(b) 

Figure 55 Transverse mode – arch (a) elevation (b) plan view  

The initial assumption for the boundary conditions of the arch was that the steel device that 

connected the glulam arch with the concrete deck would only allow rotations around the y axis 

(Figure 56), but this assumption overestimated the natural frequency of this mode. To calibrate 

this boundary condition, rotational springs in the x and z directions were applied at the arch 

springings, and iteratively increased until the average experimental result for this natural 

frequency was reached.  

 

 

Figure 56 Arch boundary condition  

The relation between the spring stiffness and its impact in the natural frequency is not linear, 

and through trial and error, the value of the natural frequency converged from 3.18Hz to 2.48Hz.  

This calibration did not affect the vertical mode shapes, which is to be expected, but it did reduce 

the torsional mode shape, approaching it to the experimental value.  

Fully calibrating the torsional mode was not achieved, however. The modelling aspect that most 

affected this mode shape was the connection between the cross beam and deck, but after 
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exhausting numerous ways in modelling this connection without further impact, no other 

intervention managed to refine results for this mode shape.  

One possible explanation for this is that the continuous shear flow that develops in the cross 

section of the deck in the FEM model does not happen in reality, since the SLTD deck is not 

one continuous cross section, but a number of individual timber beams that are transversally 

prestressed. This difference in shear flow could affect the torsional behavior in a way that is not 

being taken into account in the FEM model.  

 
(a) 

 
(b) 

Figure 57 Shear flow (a) continuous shell element – FEM model (b) SLTD deck  

 

5.2.2 Modelling the asphalt layer 
 

In modelling the asphalt layer explicitly (i.e. not considering it simply as an added mass but also 

taking its stiffness into account) certain parameters had to be assumed, such as the degree of 

composite action between the timber deck and asphalt layer.  

This is a highly complex interaction that would require a high amount of information to be 

modelled precisely. Therefore, in order to establish an upper boundary to the extent in which 

the asphalt influences the structure, it was initially assumed that there is full shear transfer 

between layers. Furthermore, the material model of the asphalt was considered as isotropic and 

with an E modulus of 25 GPa (a very high value for asphalt, possible in cold conditions).  

Having established these assumptions, a new part was created in the model. This part is identical 

to the deck in geometry but shifted upwards to represent the offset between layers (the offset 

being half the thickness of the deck plus half the thickness from the asphalt). These layers were 

then connected with tie constraints (representing full shear transfer). The resulting assembly is 

presented in Figure 58.  

 
Figure 58 Assembled asphalt layer  
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With these assumptions, the calibrated model (for cold conditions) produced the results 

summarized in Table 16. 

Table 16 Results: asphalt layer simulation (cold conditions) 

Vibration mode Natural frequency 

(experimental: -6˚C) 

Natural frequency 

(FEM) 

Difference 

1st transverse mode (arch) 2.54 ± 0.03 2.48 2.4 % 

1st vertical mode 3.50 ± 0.07 3.27 6.6 % 

2nd vertical mode 3.86 ± 0.02 4.03 4.4 % 

3rd vertical mode 6.27 ± 0.05 6.17 1.6 % 

1st transverse mode 6.53 ± 0.01 6.41 1.8 % 

1st torsional mode 5.44 ± 0.03 6.43 18.2 % 

 [Hz] [Hz]  

The results show that even with unrealistic assumptions – since in reality there is no full shear 

transfer and the asphalt stiffness is likely lower than 25GPa – the FEM model still had softer 

behavior than the experimental values (the torsional mode is not considered, for the reasons 

stated in section 5.2.1). This implies that there are other sources of stiffness that are not being 

considered in the FEM model and whose influence remains mixed in the experimental results, 

such as the stiffness of connections. Thus, it does not seem reasonable to attribute the seasonal 

dependency of the dynamic properties of the bridge to the asphalt layer alone.  

This fact still does not exclude the possibility of creating a calibrated model, even if the 

assumptions are not completely precise.  

Thus, using the same model, but with an asphalt stiffness of 3 GPa (possible for asphalt in warm 

temperatures), the following results were obtained.  

Table 17 Results: asphalt layer simulation (warm conditions) 

Vibration mode Natural frequency 

(experimental: 15˚C) 

Natural frequency 

(FEM) 

Difference 

1st transverse mode (arch) 2.43 ± 0.02 2.48 2.0 % 

1st vertical mode 2.88 ± 0.04 2.80 2.7 % 

2nd vertical mode 3.51 ± 0.01 3.69 5.1 % 

3rd vertical mode 5.13 ± 0.03 5.26 2.5 % 

1st transverse mode 4.53 ± 0.06 4.62 2.0 % 

1st torsional mode 4.57 ± 0.03 5.68 24.3 % 

 [Hz] [Hz]  

Results presented in Table 17 indicate that the resulting model is well calibrated, except for the 

torsional mode. This model is therefore useful for further dynamic investigation and simulations 

concerning the Vega Bridge.  

It does not, however, represent how each contributing factor to the behaviour is playing its part 

– the degree of composite action, stiffness of the connections, asphalt stiffness, all of which are 

still uncertain and would require more measurements to be modelled individually. 
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6 Conclusions and further research 

6.1 From an academic perspective 
 

Though a calibrated model for the dynamic behaviour of the Vega Bridge could certainly be 

created, this calibration was done to meet an experimental result that is a combination of 

uncertain factors.  

To study each of these factors individually, one option would be to perform further experimental 

tests with yet more accelerometers and excitation points, which would allow for more 

components to be calibrated individually (as was the case with the arch, due to results from the 

accelerometer attached to the bracing).  

Concerning the seasonal influence of the asphalt, a better case study would have fewer 

wood/metal connections or a simpler structural system, which would restrict unknown variables. 

 

6.2 From a designer’s perspective 
 

A FEM model used for static analysis may not be appropriate for dynamic analysis. The stiffness 

of connections (especially wood/metal connections) play an important part in the natural 

frequencies and mode shapes, and it is extremely difficult to estimate their dynamic stiffness in 

the design phase. 

Considering this difficulty, when designing a critical connection with high influence on the 

dynamic behavior (which could be determined by a sensitivity analysis), a “soft” connection 

type should be avoided. If possible, gluing components could be a more effective way of 

ensuring composite action and stiffness, and it reduces the uncertainty around its behavior. 

If gluing components is not a possibility, then it is likely that the connection will not completely 

restrain the directions that it theoretically would. As noted by Rønnquist et al. in section 2.3 and 

later through experience in this thesis (section 5.2.1), a calibrated spring is needed to correctly 

represent the dynamic stiffness of these connections.  

However, it is impossible to calibrate connections for a structure still in design. Thus, analyzing 

models where critical connections act first as a perfect hinge and then as a perfect clamp (which 

would establish a lower and upper boundary to the problem), then applying a spring to study the 

sensitivity of the structure is a first strategy to treat the design. When doing this procedure in 

section 5.2.1, it was observed that the impact of the stiffness of the spring with respect to the 

studied natural frequency is highly non-linear, which makes it impossible to express this spring 

stiffness in terms of a percentage of fully clamped conditions. For this reason, a general design 

recommendation of spring stiffness cannot be derived from these results. 

Since most timber footbridges will have a high number of connections – and thus a high degree 

of uncertainty – it is futile to pursue modelling the asphalt layer with a high degree of precision. 

This model would have many uncertainties on its own, such as the degree of composite action 

between timber and asphalt.  
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The stiffness of the asphalt could perhaps be considered, even if somewhat conservatively, in 

analyzing the 1st transverse mode shape of the deck, since it should benefit the most from the 

asphalt’s stiffness. This should be considered with care, and only in cases where the natural 

frequency for the transverse mode shape is just under the specified design threshold, in which 

case it could be reasonable and economical to include other sources of stiffness in the structural 

analysis. 

Else, considering the asphalt layer as an added mass is in favor of safety and, at least in the case 

of the Vega Bridge, still produced results close to those from measurements in warm conditions 

(which is the critical design case). 

As for damping ratio, though the calculated values for the Vega Bridge were almost all over 3% 

(Table 13), the ones for the Hägernäs Bridge were rarely over 1.5% (section 5.1). This, together 

with the fact that estimating damping is challenging and results tend to have high scatter, 

indicates that the value of ζ suggested by the Eurocode of 1.5% (for structures with mechanical 

joints) should be adopted.  

Boundary conditions should also be subjected to a sensitivity analysis in its dynamic behavior 

(as done in section 3.2.9 (6) and (7)). One noteworthy result is that while the model of the Vega 

Bridge was highly sensitive to the presence of offset for the deck bearings, the Hägernas Bridge 

was largely unaffected by that parameter. This shows how differently structures may respond to 

the same modelling approaches, even if with similar dimensions and structural system.  

In any case, in the absence of a sensitivity analysis, modelling simple geometric features, such 

as offset of bearings or transversal slope of the deck, should always be considered.  
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Appendix A  
This section presents the problem detected and solution for the Jump test at position HV1 during 

the measurement in cold conditions.  

It was observed that the natural frequencies determined by the hammer and jump tests were 

consistently different. Also, where there should be a peak in the frequency domain of the jump 

test, indicating the expected natural frequency, there was a vale. This result was seen over all 

accelerometers (here, only accelerometer 1 is presented in Figure A1).  

 
Figure A1 Comparison: hammer and jump test 

The signal in the time domain was then compared between hammer and jump test, and it was 

found that, for the jump test, the bridge was pre-excited before the impact of the landing hit the 

deck. This pre-excitement had a frequency of 3.33 Hz, which is close to the natural frequency 

to be determined and was caused by the upwards impulse exerted on the deck by the jumper 

before take-off. These findings are presented in Figure A2  

This pre-excitation is not present in the time domain of the Hammer test (Figure A2a) and is the 

main difference between the tests. 

 

Figure A2 Comparison: (a) hammer test – no pre-excitation (b) jump test – bridge is pre-

excited before impact hits deck (c) zoom of pre-excitation 



 

 
 

The solution consisted of eliminating the pre-excitation from the time domain, and so the signal 

was filled with zeros until the instant where the impact from the jump hit the deck (observed as 

7.2 seconds). Figure A3 presents this alteration in the time domain and the effect that this 

intervention had in the frequency domain – effectively turning the vale into a peak, where the 

natural frequency was expected to be observed initially and thus solving the problem. 

 
(a) (b) 

Figure A3 Intervention: (a) eliminating pre-excitation until 7.2s (b) the correction of the 

frequency domain distribution 

This issue did not interfere with the higher range frequencies, and so it was theorized that given 

that the pre-excitation had a frequency comparable to the natural frequency of interest, this 

created some destructive interference during the FFT procedure that created the vales observed 

in the frequency domain. 

When this test was repeated for the measurement in warm conditions, the jump test was 

performed starting from a set height (a box). This eliminated the need for the jumper to exert an 

upwards impulse on the deck, and so this interference could not occur. By jumping from a 

height, the problem was avoided.  

 

 

 

 

 

 

 



 

 

 

Appendix B  
The developed Matlab code used to extract natural frequencies, mode shapes and damping ratios 

is presented next. This base code was adjusted to extract horizontal mode shapes. 

%-------------------------------------------------------------------------- 

% Vega Bridge - Data processing - evaluation of vibrational mode shapes 

% Test date: 2019-05-15                       Ambient temperature:+15°C 

% 

% John Hallak Neilson, 2019-05-16                           jphn@kth.se 

%-------------------------------------------------------------------------- 

clear, clc, close all 

%% READ DATA 

load ("Struct_Test1A_warm.mat"); 

 

%% SORT DATA FROM STRUCT "x" 

% Channel x(1).data contains the time vector 

% Channel x(2).data to x(19).data contain values from the 18 accelerometers 

% Channel x(20).data is empty 

% Channel x(21).data contains values from the impact hammer 

 

% Extract time data from x(1).data of struct "x" and establish domains 

t               = x(1).data;                 % time data 

T               = max(t);                    % total time 

N               = length(t);                 % number of samples 

fs              = N/T;                       % sampling frequency 

delta_t         = 1/fs;                      % time step in the time domain 

delta_f         = 1/T;                       % resolution in the frequency domain 

TimeDomain      = (0:delta_t:T-delta_t);     % time domain vector 

FrequencyDomain = (0:delta_f:fs-delta_f);    % frequency domain vector 

 

% Sort data from the 18 accelerometers in Matrix "a" - unfiltered data 

for n = 1:18 

    a_unfiltered(:,n) = x(n+1).data;   

end 

 

%% APPLICATION OF BUTTERWORTH LOW-PASS FILTER AND FFT OF FILTERED SIGNAL 

fmax  = 20;                                              % cutoff frequency 

S     = 2/N;                        % amplitude correction factor (for FFT) 

[B,A] = butter(2,[0.1 fmax]/(0.5*fs),'bandpass');      % Butterworth filter 

 

% Relevant accelerometers for this mode shape: A1, A3, A5, A7, A9, A11, A13, A14, A16, A17, A18 

 

for n = [1 3 5 7 9 11 13 14 16 17 18] 

   a_filtered(:,n)    = filtfilt(B,A,a_unfiltered(:,n)-mean(a_unfiltered(:,n)));  

   FFT_SIGN(:,n)      =   cos(angle(fft(a_filtered(:,n))))./abs(cos(angle(fft(a_filtered(:,n))))); 

   FFT_amplitude(:,n) = S*abs(fft(a_filtered(:,n))); 

end 

a_filtered = a_filtered(:,any(a_filtered)); 

FFT_SIGN = FFT_SIGN(:,any(FFT_SIGN)); 

FFT_amplitude = FFT_amplitude(:,any(FFT_amplitude)); 

    



 

 
 

%% PLOTS 

 

% Plot results in frequency domain 

figure('Name','FFT for relevant accelerometers','NumberTitle','off');  

figure (1) 

for i = 1:11 

    AccelNumber = 2*i-1; 

    if i == 8  

        AccelNumber = 14; 

    end 

    if i == 9  

        AccelNumber = 16; 

    end 

    if i == 10  

        AccelNumber = 17; 

    end 

    if i == 11  

        AccelNumber = 18; 

    end 

   subplot(3,4,i), plot(FrequencyDomain,FFT_amplitude(:,i)) 

   xlabel('f [Hz]'), ylabel('acceleration [m/s2]'), title(['A' num2str(AccelNumber) '- Frequency 

domain']) 

   legend('FFT') 

   xlim([0 fmax]) 

   grid on 

end 

 

% Plot results in time domain 

figure('Name','Time domain','NumberTitle','off');  

figure (2) 

for i = 1:11 

    AccelNumber = 2*i-1; 

    if i == 8  

        AccelNumber = 14; 

    end 

    if i == 9  

        AccelNumber = 16; 

    end 

    if i == 10  

        AccelNumber = 17; 

    end 

    if i == 11  

        AccelNumber = 18; 

    end 

   subplot(3,4,i), plot(TimeDomain,a_filtered(:,i)) 

   xlabel('T [s]'), ylabel('acceleration [m/s2]'), title(['A' num2str(AccelNumber) '- Time domain']) 

   legend('Acceleration') 

   xlim([0 fmax]) 

   grid on 

end 

 

 



 

 
 

 

 

%% ANALYSIS OF 1ST VERTICAL MODE SHAPE  

mode              = FFT_amplitude(52,:)./FFT_SIGN(52,:); 

a_1st_vertical(:) = mode/max(abs(mode)); 

% Plot mode shape 

% Accelerometer position on deck 

DeckWidth = 4.5;                                                     %[m] 

DeckSpan  = 35.9;                                                    %[m] 

position = [0          0 

            0          DeckWidth 

            8.75       DeckWidth 

            10.15      DeckWidth 

            17.95      DeckWidth 

            25.75      DeckWidth 

            27.15      DeckWidth 

            28.95      DeckWidth 

            10.15      0 

            25.75      0 

            18.45      0 

            0.6        DeckWidth 

            35.3       DeckWidth 

            DeckSpan   DeckWidth 

            DeckSpan   0]; 

x_position = position(:,1); 

y_position = position(:,2); 

 

figure('Name','1st vertical mode','NumberTitle','off');  

figure (3) 

a1 = 0: 3.59/8: 35.9; 

b1 = 0: 0.45  : 4.5; 

[X Y] = meshgrid(a1,b1); 

vq = griddata(x_position, y_position,[0 0 a_1st_vertical(:)' 0 0],X,Y,'v4'); 

surf(X,Y,vq) 

axis equal 

grid on 

hold on  

plot3(x_position(3:13),y_position(3:13),a_1st_vertical(:),'ro', 'MarkerFaceColor', 'r') 

surf(0:DeckSpan/10:DeckSpan,0:DeckWidth/10:DeckWidth, zeros(11,11),zeros(11,11),'FaceAlpha',0.3)  % 

Plot xy surface 

legend(['1^s^t vertical mode - F = ' num2str(round(FrequencyDomain(52),2,"decimals")) 'Hz'],... 

    ,'Accelerometer','Location','northwest','FontSize',40) 

xlabel('Span [m]') 

ylabel('Width [m]') 

zlabel('Normalized amplitude') 

 

 

 

 

 

 



 

 
 

%% Determine Damping Ratio  

figure('Name','Damping Ratio','NumberTitle','off');  

figure (4) 

Eigenfrequencies = FrequencyDomain(52); 

for n = [1 2 4 5 6 7 8 9 10] 

    % Damping Ratio of raw sign 

    % find peak 

    [~,p_i] = findpeaks(FFT_amplitude(:,n));                       % find peak indexes in FFT_amplitude 

    [~,n_peak]   = min(abs(FrequencyDomain(p_i) - Eigenfrequencies)); % peak index nearest to 

Eigenfrequency 

    p_i     = p_i(n_peak);                                       % peak index nearest to Eigenfrequency 

    f_n     = FrequencyDomain(p_i);                              % approx natural frequency (Hz) 

    % Half-Power points, raw signal 

    pl  = p_i - find(FFT_amplitude((p_i-1:-1:1),n) < FFT_amplitude((p_i),n)/sqrt(2),1); % 1st point 

index to the left < Rd/sqrt(2) 

 

    pr  = p_i + find(FFT_amplitude((p_i+1:end),n) < FFT_amplitude((p_i),n)/sqrt(2),1);  % 1st point 

index to the right < Rd/sqrt(2) 

 

    % interpolate, left 

    f_l = FrequencyDomain(pl) + (FrequencyDomain(pl+1)-

FrequencyDomain(pl))*(FFT_amplitude((p_i),n)/sqrt(2),... 

        - FFT_amplitude((pl),n))/(FFT_amplitude((pl+1),n)-FFT_amplitude((pl),n));           

    % interpolate, right 

    f_r = FrequencyDomain(pr) + (FrequencyDomain(pr-1)-

FrequencyDomain(pr))*(FFT_amplitude((p_i),n)/sqrt(2),... 

        - FFT_amplitude((pr),n))/(FFT_amplitude((pr-1),n)-FFT_amplitude((pr),n             

    Damping_Ratio_raw(n)  = 100*(f_r - f_l)/(f_r + f_l);                    % estimated damping (%) 

 

    % Plot 

    AccelNumber = n; 

    AccelNumber = 2*n-1; 

    if n == 8  

        AccelNumber = 14; 

    end 

    if n == 9  

        AccelNumber = 16; 

    end 

    if n == 10  

        AccelNumber = 17; 

    end 

    if n == 11  

        AccelNumber = 18; 

    end 

    subplot(3,4,n), plot(FrequencyDomain,FFT_amplitude(:,n)), hold all 

    subplot(3,4,n), plot([f_l f_n f_r],[FFT_amplitude((p_i),n)/sqrt(2) FFT_amplitude((p_i),n),... 

        FFT_amplitude((p_i),n)/sqrt(2)],'kx','MarkerSize',8) 

    xlim([Eigenfrequencies-2 Eigenfrequencies+2]) 

    xlabel('f [Hz]'), ylabel('FFT'), title(['A' num2str(AccelNumber) '   -   \zeta = ' 

num2str(round(Damping_Ratio_raw(n),... 

        ,2,"decimals")) '%'],'FontSize',15) 

    legend('FFT','Fitted curve') 

end   



 

 

 

Appendix C – Technical Drawings  

 

 



 

 
 

 

 
 

 
 

 



 

 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 


